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Abstract 
Due to the costs of replacing certain damage parts in thermal power stations by new ones, it is frequent to carry out several tasks 
of repair and maintenance by means of conventional welding. With the objective of improving and optimizing these maintenance 
duties, a laser powder welding process of a Co-based alloy, Stellite®6, on a Cr-Mo low alloy steel, ASTM A182 F11, has been 
developed. Moreover, a comparative study of morphology and microstructure of the deposited layers has been carried out 
between the laser process and a conventional one. 
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1. Introduction 
Certain components belonging to steam circuits in thermal power stations like valve seats, flaps and other sealing 
elements are subjected to hard operating conditions during their service life. As a consequence, they are deteriorated 
because of impact and erosion-corrosion wear, causing loss of surface material and steam leakages from the joined 
surfaces. In order to avoid the replacement of these parts by new ones and so reduce the cost of maintenance, 
refurbishment by means of conventional welding processes like SMAW, MIG or TIG welding is commonly 
performed. In this way, it is possible to generate more resistant surfaces in areas submitted to higher erosion-
corrosion rates or needing to operate at higher temperatures [1]. 
Conventional welding techniques require a rigorous control of process parameters, where minimizing the dilution 
degree from the base material can be a difficult task. These methods also provide a great heat input to the substrate 
during a long period of time. As a result, deformations can be induced in the workpiece, caused by the thermal 
strains generated during the treatments. Extensive heat affected zones (HAZ) can also be generated, with changes in 
their mechanical properties or in their base microstructure. 
A possible solution to these disadvantages is the use of a laser powder welding (LPW) process. The deposited 
material, added in powder shape, is melted on the substrate surface by a high power laser beam as heat source. The 
 
* Corresponding author. Tel.: +34-981-337-400-3493. 
E-mail address: ediazg@udc.es. 
c⃝ 2010 Published by Elsevier B.V.
Physics Procedia 5 (2010) 349–358
www.elsevier.com/locate/procedia
1875-3892 c⃝ 2010 Published by Elsevier B.V.
doi:10.1016/j.phpro.2010.08.156
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Author name / Physics Procedia 00 (2010) 000–000 
possibility of focusing the laser beam energy in a narrow spot and the high processing speeds attainable makes it 
possible to obtain coatings of great quality, in comparison with conventional techniques [2, 3]. The precise control 
of the transferred energy results in the reduction of thermal strain, HAZ extension and dilution, preserving the 
individual properties of both materials as far as possible. Another advantage of LPW is the decrease of the total 
processing time due to the automation and elimination of intermediate stages. 
The coating materials to repair these damage parts have to be selected between those which offer good hot 
hardness behavior and good resistance against impact, corrosion and erosive wear even at high temperatures. 
Among these, the Co-based alloys called Stellite® have been chosen for this study, and more specifically the well-
known Stellite®6 alloy which is suitable for covering ferrous metallic parts working at high stress in aggressive 
environments [4]. 
2. Experimental 
2.1. Materials 
The base material selected for the experiments was the ASTM A182 F11, a Cr-Mo low alloy steel. These 
alloying elements improve the steel corrosion resistance and its properties at high temperatures, in comparison with 
a conventional low alloy steel. For this reason, it is one of the most used materials to make steam circuit components 
with considerable dimensions. As noted above, the coating material was Stellite®6. The chemical composition of 
both materials is shown in Table 1.  
 
Table 1. Chemical composition of ASTM A182 F11 steel and Stellite®6 alloy 
 
(wt.%) Fe Co C Cr W Ni Mo Si Mn P S 
Stellite®6 Max.3 Bal 1.2 28 4.5 Max.3 - 1.1 1 - - 
ASTM A182 F11 Bal - 0.05-0.15 1.00-1.50 - - 0.44-0.65 0.50-1.00 0.30-0.60 0.03 0.03 
 
2.2. Laser Power Welding set-up 
A High Power diode-pumped Nd:YAG laser (DY022 by ROFIN) with maximum power of 2200W  in continuous 
mode was used in the process. The laser beam is transmitted by a 600ȝm optical fiber to the laser head (YC50 by 
PRECITEC), which movement is controlled by a 6-axis robot (IRB 2400 by ABB). A powder feeder Twin 10-c by 
SULZER-METCO was employed to carry the powder to the nozzle. Powder injection is made coaxially with the 
laser beam. An inert gas, N2, was used as shielding and powder carrier gas. 
The substrate of ASTM A182 F11 steel was used in form of rectangular plates with 20mm of thickness. Powder 
size of Stellite®6 range was between 11 and 45 ȝm. The distance between the laser head and the workpiece was 
11mm yielding a laser spot diameter on the substrate of 2 mm. 
All processed samples were cut across, polished and chemically etched for their metallographic study. 
Afterwards, an image capture of each one of them was taken by means of a stereoscopic microscope SMZ1000 and a 
camera DS-5M, both by NIKON. To study the microstructures, an optical metallographic microscope (ECLIPSE 
L150 by NIKON) and a scanning electron microscope (JSM 6400 by JEOL) were used. 
2.3. Conventional Welding Method 
The conventional welding method used for comparing the results with LPW, was the Shielding Metal Arc 
Welding (SMAW). Electrodes of Stellite®6 (AWS A5.13 ECoCrA) were used as covering material. Due to the 
different thermal expansion coefficients of the base and coating material, a “buttering” or intermediate layer of 
stainless steel has to be applied between the two layers so as to prevent the formation of cracks. A stainless steel 
electrode AWS A5.4 E309-17 was used for this purpose. The two electrodes (Stellite®6 and stainless steel) were 
applied using continuous current and positive polarity. 
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Once processed, same procedures as adopted for LPW were carried out for metallographic investigation. 
3. Results and discussion 
3.1. Optimum parameters for laser powder welding 
Single welding beads of 30mm length were made by varying the laser power P, the process speed V and the 
powder feeding rate Q. Optimization of these process parameters was carried out by analyzing some of the 
properties of the obtained samples: the geometric dilution D, the angle Į between the welding bead and the substrate 
surface and the process efficiency Ef [5, 6]. The geometric dilution D quantifies the relative amount of substrate 
material melted during the process and mixed with the coating material, and it is calculated by means of the Ec 1, 
being Ad the coating area that penetrates in the substrate and Ac the coating area above the substrate line. 
 
                                                                                                
                                                                                                                                           (1)      
 
 
An approximation of the angle Į between the welding bead and the substrate surface, it is calculated assuming 
that the transversal section is contained in a circle, Ec 2, being H the height of the clad above the substrate and W the 
width of the clad.  
 
 
                                                                                                                  (2)      
 
 
Finally, the efficiency is calculated in terms of the amount of deposited material, as it can be seen in Ec 3, where 
p is the real weight of the deposited material in the welding bead and L the length of it. 
 
 
                                                                                                                        (3) 
 
 
The optimum parameters of this process, as well as the specimen obtained with them can be seen in Fig 1. Its 
characteristics, calculated as it was explained, are the following ones: Į = 125º, D = 1%, Ef = 75%.  
The energy delivered by the laser beam is spent in melting not only the coating material but also a minimum part 
of the substrate to produce the metallurgic union between them. If thermal conductivity of the substrate is high, a 
reduction in the powder feeding rate Q (i.e., depositing less material) or an increase in the laser power P is needed to 
melt the substrate [7]. Thermal conductivity of Cr-Mo low alloy steels is almost three times higher than stainless 
steels. Therefore, higher laser powers values are needed in these alloys as compared to other steel types at the same 
powder feeding rates. 
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Fig. 1. Stellite®6 specimen on ASTM A182 F11 steel (optimum parameters of LPW process) 
A fine and homogeneous coating structure was found on selected samples. Although the specimen dilution was 
relatively low, the union between both materials was found suitable. No cracks and barely porosity were found 
despite no preheating treatment was employed. Consequently, it is demonstrated that it is possible to obtain good 
quality coatings by means of LPW, without the need of the stainless steel “buttering” layer required in the 
conventional SMAW process. 
Once the optimum parameters were obtained extensive coatings were deposited by means of consecutive beads 
with a 33% overlapping ratio and building up of 3 layers, as seen in Fig 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Extensive and built up coating with Stellite®6 on ASTM A182 F11 steel (optimum parameters) 
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3.2. Optimum parameters for SWMA process 
The parameters involved in optimization purposes were mainly of electric type, applying the minimum values of 
continuous current to avoid an excessive degree of dilution from the base material. For the stainless steel layer a 
current intensity of approximately 90 A with a voltage of 29 V were used, whereas for the Stellite®6 layer is used a 
current intensity of 70 A and a voltage of 22-23 V.  
In order to discuss the advantages and disadvantages of LPW compared with this conventional SMAW method, 
an extensive coating was made with these optimum parameters. The workpiece was preheated to a minimum 
temperature of 300ºC not exceeding 400ºC prior to welding, maintaining this temperature during the process.  
Afterwards, a stress relief heat treatment was performed, followed by a controlled cooling, to avoid crack formation.  
It is noteworthy the fact that with SMAW process only one layer of Stellite®6 can be deposited, with a maximum 
thickness of 2 mm, otherwise little cracks could appear if several layers are build up. Nevertheless this is not a 
limitation with laser process in which the superposition of multiple layers can continue until the achievement of the 
desirable thickness without the apparition of cracks. 
3.3. Mechanical and metallurgical characterization 
3.3.1. SMAW process 
Once the SMAW welding specimen was cut across, it could be seen clearly the deformation produced by the 
amount of thermal stress generated in the substrate, see Fig 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Cross section of the SMAW welding specimen 
A cross sectional view of the SMAW coating is shown in Fig 4a. The layers of Stellite®6 and stainless steel can 
be distinguished and also the HAZ which depth is about 2.6 mm. No cracks or porosity was visible on the coating. 
The Stellite®6 microstructure is basically composed by dendrites oriented on the cooling direction during the 
welding process, as seen in Fig 4b.  
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Fig. 4. (a) SMAW specimen with Stellite®6 and stainless steel layers. (b) Oriented dendrites in microstructure of SMAW Stellite®6 layer 
As for the steel substrate, optical magnifications of its microstructure are shown in Fig 5a. It is composed of 
ferrite (light grains) and pearlite (dark grains) phases. After the SMAW treatment, the HAZ it is clearly 
distinguished by the refinement of the grains as seen in Fig 5b. 
 
Fig. 5. (a) Microstructure of non-affected substrate. (b) Microstructure of ASTM A182 F11 substrate with SMAW process 
A clearer picture of the different grain sizes between the affected and non-affected material can be obtained 
through scanning electron microscopy (SEM), as presented in Fig 6a and Fig 6b. 
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Fig. 6. (a) Microstructure of HAZ, SMAW process. (b) Microstructure of base material 
The Co content in the stainless steel layer was analyzed by means of Energy Dispersive Spectroscopy (EDS). It 
could be concluded that the depth of dilution zone of Stellite®6 in the stainless steel is about 1 mm.  
A microhardness profile was performed in a vertical line from the surface of the SMAW coating to the substrate, 
which is shown in Fig 7. The Stellite®6 coating hardness oscillates around the lower limit of Stellite®6 nominal 
value, about 400 HV, increasing in the proximities of the interface with the stainless steel layer. A hardening is also 
observed in the HAZ of ASTM A182 F11 substrate just after the buttering layer, reaching a value of 270 HV. This is 
probably due to the grain refinement in this zone. The HAZ shows a hardness value always higher than 200 HV, 
whereas the medium hardness of substrate with no modifications is about 175 HV.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Microhardness of the SMAW specimen with a buttering layer of stainless steel and the coating of Stellite®6 
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3.3.2. LPW process 
In this case, the workpiece deformation did not happen. The microstructure of Stellite®6 layer is also dendritic 
(see Fig 8), but the depth of the HAZ is about 0.9 mm. This value is considerable lower than the HAZ of SMAW 
welding specimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Dendritic microstructure of Stellite®6 in the LPW process 
Moreover, the HAZ shows a different aspect to that observed in SMAW coatings, with a lamellar microstructure 
in the closest zone to the Stellite®6 coating (see Fig 9a). This microstructure can be seen with more clearness in the 
picture obtained with SEM, see Fig 9b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. (a) Lamellar microstructure of the HAZ in LPW process. (b) SEM image of the lamellar microstructure 
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Microhardness values on the LPW Stellite®6 coating (see discontinuous line in the graphic of Fig 10) are higher 
than 500 HV. This hardness has been improved with respect to the SMAW process. This could be due to a lower 
dilution degree or the higher cooling rates attained in the LPW processes. The HAZ of the ASTM A182 F1 substrate 
reaches hardness values of 480 HV. This fact together with the lamellar microstructure observed in Fig. 9b, suggest 
the formation of martensite in this area. Its formation is due to the noted high temperature gradients and cooling 
rates developing during LPW. For removing this non desirable hardness, is necessary to apply a posterior heat 
treatment of tempering. This consists in keeping the workpiece at 650ºC for 3 hours. Hardness of the Stellite®6 
coating (continuous line in Fig 10), is not affected by this treatment whereas hardness of the steel substrate is 
considerably lower than the specimen with no treatment, but still in the range given and recommended by the ASTM 
standard. The grain size of base material is not affected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Microhardness of the LPW specimen, with and without posterior heat treatment 
3.4. Comparison of processing time 
For this comparison, a workpiece which coating area has a similar shape to a real damage flap, was used (Fig 11). 
It was performed an annular groove with 3mm of depth, in the zone in which the real component normally shows 
wear. This is always necessary to remove all the defects that the piece accquire during the operating time. Also, an 
inspection and a surface cleaning have to be accomplished before applying the treatments of welding. Then, the 
specimens were coated by means of SMAW and LPW processes, with the optimum parameters.  
With LPW, once the coating tracks were programmed and the instructions sended to the robot which control the 
laser headed, it was necessary a time of 22 minutes for coating the groove. This time was less than that needed by 
the SMAW process to deposite only the Stellite®6 layer: around 1,5 hours. Moreover, the processing time of the 
stainless steel buttering layer and the preheating time has to be added to it. As it was said, both processes are not 
necessary in the case of LPW. 
For this specific geometry, the employed time with the LPW was roughly 70% less than in the SMAW process. 
The time wasted in the posterior heat reatment and posterior grinding operations to give the piece its original 
dimensions, was ignored because it is the same in both methods. 
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Fig. 11. Dimensions of the workpiece used 
4. Conclusions 
With this study, a LPW process was developed to repair steam circuit components, achieving good quality 
Stellite®6 coatings and keeping its structural, metallurgical and hardness nominal properties. This fact guarantees the 
correct performance of the obtained layers during the operating service. 
Furthermore, the processing duration of every part with the same volume to coat has been reduced in comparison 
with the SMAW conventional process. Therefore the cost of reparation of each of them has been cut as well. This is 
because of the elimination of the stainless steel buttering layer and the process automation. 
With LPW, it has been achieved also, the reduction of the coating dilution in the steel ASTM A182 F11 substrate 
and the diminution of the HAZ extension. A hard martensitic phase has appeared as a result of the high cooling rates 
during the process, but this hardness can be reduced by means of a posterior heat treatment. 
References 
1. Hans. R. Kautz, Herbert E.D. Zuern, Thermally damaged structural parts in power stations and their repair - Tasks for welding engineering, 
Welding and Cutting, 149-151, 1990. 
2. W.M. Steen, Laser Material Processing, Springer-Verlag London Limited, 3rd Ed., 2003. 
3. E. Toyserkani, A. Khajepour and S. Corbin, Laser Cladding, CRC Press, 1st Ed., United States of America, 2005. 
4. D. H. E. Persson, On the Mechanisms behind Tribological Performance of Stellites, Uppsala, 2005. 
5. U. Oliveira, V. Ocelík, and J.Th.M. De Hosson, Analysis of coaxial cladding processing conditions, Surf. Coat. Tech., 127-136 (2005). 
6. L. Costa, et al., A Simplified Semi-Empirical Method to Select the Processing Parameters for Laser Clad Coatings, Materials Science 
Forum, 385-393 (2003). 
7. M.F. Schneider, Laser Cladding with powder, effect of some machining parameters on clad properties, University of Twente Publications, 
1998. 
 
358 E. Dı´az et al. / Physics Procedia 5 (2010) 349–358
